Post-synthetic modification (PSM) of metal-organic frameworks (MOFs) is a promising route to create novel, and diverse porous nanostructures with tailored functionality for applications from gas storage and separation to catalysis [1] . Recently, post-synthetic exchange (PSE) of metal ions in the secondary-building units (SBUs) of MOFs has been demonstrated in the UiO-66 system, whereby Hf or Ti ions are exchanged for the initial Zr ions in the SBUs, while appearing to retain structural integrity and porosity [2] . Metal ion PSM (transmetalation) has been observed for both solvent-mediated solid-solid reactions and solid-liquid conditions in "robust, inert" MOFs, such as the UiO-66 system [1, 3] . This has been proposed as a route to achieve stable MOF structures with specific metal nodes yet to be directly produced using conventional synthesis (e.g. TiUiO-66). Despite the interest in PSM, very little is understood about the mechanisms of the exchange process that seem to enable the robust conversion of one metal-containing crystalline MOF nanostructure to an equallystable and -crystalline MOF that contains new metal nodes. Furthermore, though exciting property enhancements have been measured and reported for various transmetalated MOFs, which supports the widelyaccepted concept of metal-exchange in these systems, the true extent of the exchange of metal ions on the nanoscale within a single MOF particle has not been accurately analyzed and quantified.
Post-synthetic modification (PSM) of metal-organic frameworks (MOFs) is a promising route to create novel, and diverse porous nanostructures with tailored functionality for applications from gas storage and separation to catalysis [1] . Recently, post-synthetic exchange (PSE) of metal ions in the secondary-building units (SBUs) of MOFs has been demonstrated in the UiO-66 system, whereby Hf or Ti ions are exchanged for the initial Zr ions in the SBUs, while appearing to retain structural integrity and porosity [2] . Metal ion PSM (transmetalation) has been observed for both solvent-mediated solid-solid reactions and solid-liquid conditions in "robust, inert" MOFs, such as the UiO-66 system [1, 3] . This has been proposed as a route to achieve stable MOF structures with specific metal nodes yet to be directly produced using conventional synthesis (e.g. TiUiO-66). Despite the interest in PSM, very little is understood about the mechanisms of the exchange process that seem to enable the robust conversion of one metal-containing crystalline MOF nanostructure to an equallystable and -crystalline MOF that contains new metal nodes. Furthermore, though exciting property enhancements have been measured and reported for various transmetalated MOFs, which supports the widelyaccepted concept of metal-exchange in these systems, the true extent of the exchange of metal ions on the nanoscale within a single MOF particle has not been accurately analyzed and quantified.
Here, were use (scanning) transmission electron microscopy (STEM) energy dispersive X-ray (EDX) spectroscopy and electron energy loss spectroscopy (EELS) elemental mapping in combination with atomic resolution (S)TEM imaging to probe, map, and quantify the distribution of metal species in MOF nanocrystals in the UiO-66 family of MOFs [4] . Using these nanoscale characterization techniques, we explore PSM "metal exchange" in (Zr)UiO-66 in both Hf-salt and Ti-salt solutions, and in (Hf)UiO-66 in Zr-salt solutions. For all the PMS (metal exchange) conditions we investigate, true replacement of the original metal by the exogenous metal in the MOF nanocrystal does not occur as previously reported. Instead, The EDX elemental mapping data indicates (Figure 1 ) that essentially none of the original metal has been removed from the nanocrystals, and a surface layer of the exogenous metal is present. Using STEM EELS mapping (Figure 2 ), we find that the exogenous metal surface-coating is not an epitaxial MOF structure, but rather a metal-oxide layer (lacking carbon and oxygen-rich). We also investigate PSM "ligand exchange" in the (Zr)UiO-66 MOF (I-bdc and Brbdc ligand) using analytical STEM where we find that genuine exchange is operative and appears to be uniform into the bulk of the nanocrystals for both ligand-exchange species we investigated.
Without understanding the fundamental processes that underlie MOF PSM through nanoscale spectroscopic characterization, the MOF field will struggle to interpret any promising results of property enhancements when PSM has been employed, or to develop new PSM routes for tailoring specific functional properties in novel MOFs. In this work, we report the first nanoscale analytical study into PSM processes in individual MOF nanocrystals, finding that PSM processes can, and have been misinterpreted in previous studies where only bulk characterization was employed. Observation/characterization of modified MOFs at length scales https://doi.org/10.1017/S1431927618010334 accessible to STEM has led to a new understanding of the UiO-66 MOF system, and broadly, these data demonstrate the utility of analytical STEM for MOFs and similar nanomaterials [5] . Finally, SEM imaging shows that the particle size and shape are unchanged (Figures S10 and S25) after PSE, within the limits of this imaging method. SEM-EDX analysis suggests incorporation/addition of the exogenous metal species. Following accepted protocols for calculating the extent of metal exchange, the percentages of exogenous species versus Zr 4+ were calculated for each sample using the total metals count from the EDX data. This analysis shows the expected increase of the exogenous metal in the MOF sample as a function of reaction time over 1, 3, and 5 d (Figures S12, S19, S27, and S34) Unlike what is observable by SEM, TEM analysis revealed that the MOFs displayed distinct morphological differences before and after the PSE process. Despite the data presented in Figure 3 being consistent with a metal-based PSE process, STEM data revealed that there was clear deposition of a nanoscale coating on the particle exterior, not a true exchange process (Figure 4) . The coatings were determined to be a mix of amorphous and nanocrystalline deposits ( Figure S21 ), several nanometers thick, with the underlying UiO-66(Zr) particle remaining single crystalline. STEM-EDX atomicpercentage distribution maps (see ESI for analysis details) revealed that the nanoscale coatings are composed of the exogenous metal species intended for PSE. STEM-EELS analysis reveals these coatings are oxygen rich and carbon deficient ( Figure 5 ), suggesting that the coatings are oxides, namely TiO 2 or HfO 2 . Moreover, particle mapping reveals that while there is an obvious deposition of the metal oxide on the surface of the particles, there is no evidence for the presence of metal exchange within the particle interior, which remains composed of Zr (Figure 4 ).
The as-synthesized UiO-66(Zr) particles (Figures 5a and S78) are highly crystalline with well-resolved lattice fringes and sharp, clean edges. The averaged EDX spectrum generated from this sample (Figure 4c) shows only Zr peaks in addition to the expected C and O peaks (Cu "system" peaks are also observed from microscope and grid). The spectra are consistent over all regions of the UiO-66(Zr) nanocrystals. Even when observed via low-magnification STEM imaging (Figure 4) , the samples are clearly quite different morphologically after treatment with Hf 4+ or Ti 4+ at 85°C for 5 d. The particle interiors still show resolvable lattice fringes with crystals not having significantly changed in size, but the particle surfaces show clear evidence of a non-uniform coating or crust ( Figures  5 and S78 ). After treatment with HfCl 4 this rough, largely amorphous hafnia surface coating on the particles is obvious in the Z-contrast STEM images. The STEM-EDX data collected for the samples help to explain this new morphology and are essential to determine the elemental composition on the particles. STEM-EDX of the particle interior (Figure 4g , blue) revealed peaks characteristic of Zr only, while spectra collected at the particle surfaces (Figure 4g , red) contained strong characteristic peaks for Hf with a very low Zr signal. A similar surface coating, without exchange into the underlying parent particle, is also observed for Ti-exchange species (Figure 4h−  k) . STEM images (Figure 5h , i) and HRTEM images ( Figure  S78b ) clearly show single crystalline particle cores with amorphous and polycrystalline coatings (anatase-TiO 2 ). Similarly, the STEM-EDX elemental mapping of Zr:Ti atomic ratio confirms the lack of Ti in the core of these particles (Figure 4n , blue) and the presence of highly Ti-rich surfaces (Figure 4n , red). All Ti-samples (using several different Ti-salts) display 1351 not in the interior, which remains composed of Zr. A control experiment was performed using conventional heating at 120°C for 24 h, giving results consistent with heating at 85°C, but with thicker surface layers.
STEM images and STEM-EDX data show that there is deposition of a Ti-or Hf-containing species on the particle surfaces and there is no metal exchange in the particle interiors. Therefore, we sought to confirm that the metals were being deposited from solutions as metal oxides, rather than metal carbides or MOF-like structures. To confirm the STEM-EDX results, analysis of light elements, namely carbon and oxygen, were needed, as an oxide deposition would be rich in oxygen, but poor in carbon (unlike a MOF phase, which has both oxygen and carbon from the organic ligands). EDX analysis has poor sensitivity for these low-Z species, especially carbon, so we employed STEM-EELS elemental mapping and ICP-MS to determine the complete elemental composition of these surface layers and the composition of any species extracted from the particles.
STEM-EELS mapping of the particle surfaces provides strong evidence of the deposition of metal oxides on the particle surface ( Figure 5 ). STEM-EELS is an ideal complementary nanoscale elemental mapping technique to STEM-EDX, as it is extremely sensitive to low-Z elements. High-resolution maps of C and O content on the particle edges were generated using STEM-EELS for the parent UiO-66(Zr) particles and for the Hf-and Ti-PSE particles ( Figure 5 ). In the case of the Ti-PSE particles, the Ti signal was also clearly identified and mapped ( Figure 5 ). Detection of Hf in Hf-PSE particles was also achieved by EELS, though these spectral maps are not shown in the manuscript due to the low signal-tonoise at the high energy loss region of the EELS spectra. In the native UiO-66, both C and O are present in uniform relative concentrations out to the particle surface, indicating an intact crystal containing the bdc 2− ligand throughout (Figure 5c,d ). Specifically, a strong and consistent C signal is found up to the crystalline surface. Oxygen also extends to the surface, but as 
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Article rough surfaces after PSE processing, and all have the characteristic Ti-rich surface coating over the Zr-core in their EDX spectral maps ( Figure S43 ).
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